The gene homologous to glutathione synthetase of Escherichia coli was inactivated in the cyanobacterium Synechococcus sp. PCC 7942. The region of genomic DNA including the mutation site was isolated from the mutant by plasmid rescue and the native gene of the wild-type was cloned from a genomic DNA library of the wild-type using the flanking DNA as a probe. The wild-type gene, designated gshB, encodes a polypeptide of 323 amino acids with a molecular mass of 35 kDa. The deduced amino acid sequence resembles glutathione synthetases of bacteria, but not those of higher organisms. When gshB was overexpressed in E. coli, glutathione synthetase activity was increased markedly in the Em colj extract. In addition, the Synechococcus sp. PCC 7942 gshB mutants had lost their ability to synthesize glutathione. These findings demonstrate that the gshB gene of Synechococcus sp. PCC 7942 is a structural gene for glutathione synthetase and is involved in the biosynthesis of glutathione.
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Glutathione (y-glutamyl-L-cystinylglycine) is widely distributed in animal tissues, plants and micro-organisms. It is synthesized in two ATP-dependent steps (Meister & Anderson, 1983) . The dipeptide y-glutamylcysteine is first synthesized from L-glutamic acid and L-cysteine by y-glutamylcysteine synthetase (EC 6 . 3 . 2 . 2 ) . In the second step, catalysed by glutathione synthetase (EC 6.3.2.3), glycine is added to the C-terminal site of yglutamylcysteine to form glutathione. Glutathione is known to have important roles in several processes in eukaryotes (Duncan & Jamieson, 1996; Meister & Anderson, 1983 ; Rennenberg, 1982) . However, the functions of glutathione in prokaryotes are not well understood. Many Gram-positive bacteria do not contain glutathione (Fahey et al., 1978) . Several mutants of Escherichia coli defective in the biosynthesis of glutathione can grow without glutathione (Apontoweil & Berends, 1975 ; Fuchs & Warner, 1975) and are similar in their sensitivities to H202 and CdCl, to the wild-type
The DDBJ accession number for the nucleotide sequence of the gsht3 gene of Synechococcus sp. PCC 7942 is D88540. (Greenberg & Demple, 1986) . Therefore, the importance of glutathione in prokaryotes has been questioned.
Cyanobacteria are a major group of prokaryotes and are classified as Gram-negative bacteria (Stanier & CohenBazire, 1977) ; they have been reported (Schmidt, 1988) to contain glutathione. The functions of glutathione in cyanobacterial cells have not been clarified and the enzymes and the genes involved in its biosynthesis in cyanobacteria have not been purified or cloned. It is important to clone these genes, if we are to understand the functions of glutathione in cyanobacteria. Kaneko et al. (1996) , who have determined the nucleotide sequence of the entire genome of Synechocystis sp. PCC 6803, found a gene encoding a polypeptide homologous to glutathione synthetase of E. coli. Doherty & Adams (1995) have also cloned a homologue from Anabaena sp. PCC 7120. Although the cloned genes from these two organisms have been sequenced, functions have not been demonstrated.
In this study a structural gene for glutathione synthetase, gshB, has been cloned from Synechococcus sp. PCC 7942 and its involvement in the biosynthesis of glutathione in this cyanobacterium has been demonstrated.
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METHODS
Organisms and culture conditions. The strains and plasmids used in this study are listed in Table 1 . Synechococcus sp. PCC 7942 was grown photoautotrophically at 3OoC in BG-11 medium (Allen, 1968) supplemented with 4 mM HEPES/ NaOH (pH 7.9, under illumination provided by fluorescent lamps at 30 pE m-2 s-'. The culture was aerated on a reciprocal shaker (NR-3, TAITEC) at 120 strokes min-l. Mutagenized strains of Synecbococcus sp. PCC 7942 were selected and grown in the same medium, but in the presence of ampicillin (2 pg ml-l). The WT/gshB : : Km' strains were grown in BG-11 medium supplemented with kanamycin at 25 pg ml-'. Isolation of mutants of Synechococcus sp. PCC 7942. Synechococcus sp. PCC 7942 was mutagenized using the insertional inactivation method according to Dolganov & Grossman (1993) . The genomic DNA isolated from the wild-type was digested with Sau3AI and the resultant DNAs ranging from 300 to 600 bp were inserted into the BamHI site of pBluescript SK( + ) (Stratagene). The plasmids containing Synecbococcus DNA were amplified in E. coli and used for transformation of wild-type Synechococcus sp. PCC 7942. Transformants of Synechococcus sp. PCC 7942 were selected on plates containing BG-11 medium supplemented with 2 pg ampicillin m1-I. Rescue of the plasmid from mutants was performed by the method of Dolganov & Grossman (1993) . Cyanobacterial gene for glutathione synthetase using a DNA sequencing kit (BcaBEST Dideoxy Sequencing Kit, Takara). DNA was sequenced using a DNA sequencer (ALF red DNA sequencer, Pharmacia) , Double-stranded DNAs were used as templates and the sequence of both strands was determined. Nested deletion of the plasmids was performed using a DNA deletion kit (Takara). Nucleotide sequence and deduced amino acid sequence were analysed using suitable software (GENETYX-MAC, Software Development).
Genomic Southern blot analysis. Genomic DNA was isolated from cells of Synechococcus sp. PCC 7942 using a DNA extraction kit (ISOPLANT, Nippon Gene). The genomic DNA was digested with appropriate restriction enzymes, separated by electrophoresis in a 1 % (w/v) agarose gel and transferred to a nylon membrane (Hybond-N + , Amersham).
The membrane was used for hybridization using a DNA labelling and detection system (either the ECL kit, Amersham, or the DIG DNA labelling and detection kit, Boehringer Mannheim).
Overexpression of gshB gene in E. coli. The gshB gene of Synechococcus sp. PCC 7942 was amplified by PCR using the following two primers : 5'-CGCATATGAAACTCGCATT-TTTAATC-3' and S-CGCATATGCTAGCCTTGGTTAA-CCAG-3'. These correspond to positions 2 to 21 and positions 955 to 972 of the nucleotide sequence, respectively. The eightnucleotide sequence 5'-CGCATATG-3' including a NdeI site was added to the 5' end of both primers. In the forward primer, the addition of the NdeI site at the 5' end created an initiation codon, ATG, instead of GTG in the original sequence. The amplified DNA fragments were ligated into a pCRII vector (Original TA Cloning Kit, Invitrogen). The resultant plasmid was used for transformation of E. coli JM109. The plasmid isolated from the E. coli transformant was digested with NdeI and subcloned into the NdeI site of an expression vector, PET-3a (Novagen) . The resultant plasmid, designated PET-gshB, was used for transformation of E. coli BL21(DE3). The transformant of BLZl(DE3) with PET-gshB was grown at 25 "C in LB medium supplemented with 200 pg ampicillin ml-l and 0.4% glucose. When the OD,,, of the E. coli culture reached 0.5, IPTG was added to a final concentration of 0.4 mM to induce expression of gshB, and the culture was incubated for a further 3 h at 25 "C. SDSPAGE analysis. This was performed according to the method of Laemmli (1970) using a 12.5% (w/v) polyacrylamide gel.
Assay for glutathione synthetase. Extraction of glutathione synthetase from E. coli cells and the reaction for glutathione synthesis were carried out according to the methods of Murata et al. (1980) . E. coli cells harvested from a 2 ml culture with an OD,,, of 0.6 were suspended in 1 ml 0.5 mM Tris/HCl (pH 7.0) containing 0.5 mM L-cysteine and 8 ' / o (v/v) toluene, and incubated for 1 h at 20 "C with shaking. After incubation, 50 p1 suspension was added to the same volume of 20 mM each of y-glutamylcysteine, glycine, ATP and acetyl phosphate, 25 mM MgC1, and 50 mM potassium phosphate (pH 7.0), and further incubated for 1 h at 37 "C. Before and after the incubation, the concentration of glutathione in the solution was determined by the method of Anderson (1985) and glutathione synthetase activity was calculated from the changes in glutathione concentration during incubation. Protein was determined by the method of Bradford (1976) using BSA as the standard.
Disruption of the gshB gene in Synechococcus sp. PCC 7942.
The gshB gene of Synechococcus sp. PCC 7942 was amplified by PCR and ligated into the pCRII vector (Invitrogen). The plasmid obtained was digested with NdeI to prepare a 1.2 kb DNA fragment including the gshB gene. The DNA fragment was blunt-ended and ligated into a HincII site of pBluescript I1 KS( + ) to construct the plasmid pBlue-gshB. Disruption of the gshB gene was performed by inserting the Km' cartridge into the blunt-ended SalI site in the coding region of the gshB gene in pBlue-gshB. The Km' cartridge was prepared from pUC-4KIXX (Pharmacia) as a 1.6 kb fragment by digestion with HindIII. The 1.6 kb fragment was treated with the Klenow fragment and ligated into the blunt-ended SalI site of pBluegshB. The plasmid obtained with the disrupted gshB gene (pBlue-gshB : : Km') was used for transformation of wild-type Synechococcus sp. PCC 7942, as described by Golden et al. (1987) . Kanamycin-resistant transformants were selected and streaked several times to segregate the mutants in which all copies of the gshB gene in the chromosome were disrupted.
The gshB mutants were designated WT/gshB : : Km'( + ) and WT/gshB::Km'(-).
Plus and minus in parentheses in the name of mutants represent the direction of the kanamycinresistance gene: in the 'plus' mutant the Km' cartridge was inserted into the coding region of gshB gene in the same direction as that for transcription of gshB gene, whereas in the 'minus' mutant it was inserted in the opposite direction. Disruption of the gshB gene in WTlgshB: : Km' strains was confirmed by PCR using Y-CGCATATGAAACTCGCAT-TTTTAATC-3' as the forward primer, and 5'-CGCATA-TGCTAGCCTTGGTTAACCAG-3' as the reverse primer.
Measurement of glutathione content in Synechococcus sp. PCC 7942. Intact cells were collected from 2 ml of culture with an OD,,, of 20. The cells were washed twice with BG-11 medium, resuspended in 300 pl 80% (v/v) ethanol, and incubated for 5 min. After incubation the suspensions were centrifuged at 12000 g for 5 min. The supernatant obtained was used as described above to measure the glutathione content.
RESULTS
Isolation of mutants of Synechococcus sp. PCC 7942
Insertional inactivation (Dolganov & Grossman, 1993) (Fig. 1, lanes  2 to 5 ) . In contrast, no signal was detected in the genomic DNA isolated from the wild-type (lane 1). These results suggest that the plasmid was inserted into a site on the chromosomal DNA in the NOK-1 mutant. Cloning of the gshB gene from Synechococcus sp.
PCC 7942
To analyse the mutation site in the NOK-1 mutant, we rescued a plasmid including the flanking DNA from the mutant as described in Methods. This plasmid rescued from NOK-1 contained pBluescript SK( + ) and some flanking DNA, namely part of the genomic DNA of Synechococcus sp. PCC 7942. T o identify the gene that was inactivated by plasmid insertion in the NOK-1 mutant, the nucleotide sequence of flanking DNA was determined. The amino acid sequence deduced from the nucleotide sequence of the flanking DNA was compared to sequences in the databases and it was found to be homologous to the glutathione synthetase of E. Cyanobacterial gene for glutathione synthetase The copy number of the gshB gene in the chromosome of Synechococcus sp. PCC 7942 was investigated by genomic Southern blot analysis as shown in Fig. 4 . The full length of the gshB gene was used as a DNA probe. When the genomic DNA was digested with HindIII, Sad, EcoRI or XhoI, a single hybridizing signal was detected in all cases. However, when it was digested with PstI, two hybridizing signals were detected because of a PstI site in the gshB gene. These results demonstrate that the gshB gene is present in the chromosome of Synechococcus sp. PCC 7942 as a single copy.
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Overexpression of the gshB gene in E. coli
To characterize the function of the gshB gene of Synechococcus sp. PCC 7942 the gene was overexpressed in E. coli BLzl(DE3). Fig. 5 shows SDS-PAGE analysis , of proteins from BLZl(DE3) cells that were transformed with PET-3a and PET-gshB. In the transformant with pET-3a, the protein composition did not change following addition of IPTG, whereas a 35 kDa protein was detected in the transformant with PET-gshB and the level of the protein increased on addition of IPTG. The molecular mass of the protein is close to that of the polypeptide encoded by the gshB gene of Synechococcus sp. PCC 7942. These findings suggest that the 35 kDa protein is a product of the gshB gene of Synechococcus sp. PCC 7942. The activity of glutathione synthetase in the extracts of E. coli cells transformed with PET-3a and PET-gshB was measured to demonstrate that the gshB gene of Synechococcus sp. PCC 7942 is a structural gene for glutathione synthetase. In the cell extracts prepared from the transformant with PET-3ay the glutathione synthetase activity was low, about 2 pmol h-l (mg protein)-', and did not increase after addition of IPTG. Disruption of the gshB gene in Synechococcus sp.
PCC 7942
Since cyanobacterial cells normally contain many copies of chromosomal DNA (Herdman et al., 1979) , checks were made to establish whether all of the copies of the gshB gene had been disrupted in the WT/gshB::Km' strains; this was done by PCR and genomic Southern blot analysis. In the case of the wild-type, a 1.0 kb DNA fragment, which corresponds to the native gshB gene, was amplified by PCR (data not shown). In the cases of WT/gshB : : Km'( -) and WT/gshB: : Kmr( + ), a 2.8 kb DNA fragment, which corresponds to the disrupted gshB, was amplified by PCR, but a 1.0 kb DNA fragment corresponding to the native gshB gene was not amplified in these strains (data not shown). These results suggest that all copies of the gshB gene were disrupted in WTlgshB : : Kmr strains. The disruption of the gshB gene in WT/gshB::Km' strains was also confirmed by genomic Southern blot analysis using the native gshB gene as a DNA probe. In the wild-type, a single hybridizing band was detected at the 4.8 kb position, whereas in the cases of WT/ cells were measured (Fig. 6) . As compared to the wildtype, the absorption spectra of the WTlgshB: : Kmr strains showed reductions in the absorption maxima of chlorophyll at 440 nm and 680 nm, and also in that of phycobilins at 620 nm. However, the absorption around 500 nm originating from carotenoids was virtually unaffected. The NOK-1 mutant had the same characteristics as the WTlgshB: : Km' strains (data not shown). These findings suggest that the cells of the gshB mutants contain less amount of chlorophyll and phycobilins than the wild-type cells.
DISCUSSION
Overexpressing the gshB gene of Synechococcus sp. PCC 7942 in E . coli increased glutathione synthetase activity markedly. Constructing mutants of the gshB gene of Synechococcus sp. PCC 7942 decreased the level of glutathione to almost zero. These findings, together with the sequence data, demonstrate that the gshB gene of Synechococcus sp. PCC 7942 is a structural gene for glutathione synthetase and is involved in the biosynthesis of glutathione in this cyanobacterium. In E . coli, glutathione synthetase is a homotetramer (Gushima et al., 1984) . The finding that the activity of glutathione synthetase was increased by the overexpression of the gshB gene in E. coli suggests that the glutathione synthetase of Synechococcus sp. PCC 7942 is also composed of a single gene product that may be a homotetramer of the gshB gene product.
Ascorbate peroxidase of higher plants requires glutathione as an electron donor (Nakano & Asada, 1981).
However, Miyake et al. (1991) reported that Synecho-COCCUS sp. PCC 7942 has no ascorbate peroxidase activity, suggesting that glutathione is not used as an electron donor for ascorbate peroxidase in this strain. Although glutathione may be involved in several processes, its functions in cyanobacteria are unknown. More detailed analysis of the phenotypes of the gshB mutants of Synechococcus sp. PCC 7942 constructed in this study is now in progress to clarify the functions of glutathione in cyanobacterial cells.
Glutaredoxin is a heat-stable enzyme with a molecular mass of 9 to 12 kDa (Wells et al., 1990; Aslund et al., 1994 Aslund et al., , 1996 , which catalyses the reduction of disulfide bonds of proteins and other molecules using glutathione, in both prokaryotes and eukaryotes (Terada et al., 1992; Aslund et al., 1994 Aslund et al., , 1996 . It is also known that glutaredoxin is involved in active-oxygen-scavenging systems in animals and viruses (Wells et al., 1990; Terada et al., 1992) , and the biosynthesis of deoxyribonucleotides as hydrogen donors for ribonucleotide reductase in E. coli (Holmgren, 1976; Reichard, 1993) .
However, the functions of glutaredoxin in cyanobacteria are not well known. The mutants of the Synechococcus gene (ORF2) for glutaredoxin cloned in this study will provide useful material to investigate these functions.
